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The aim of this work was to investigate the effect of the addition of lead(II) oxide
on hydration heat and specific conductivity of a CEM I Portland cement. The heat re-
leased during hydration was determined by differential microcalorimetry up to 48 hours
of hydration and the specific conductivity by a digital conductometer. Thermogravi-
metric analysis was employed in the characterization of the cement structure. The hy-
dration heat results show that the addition of lead(II) oxide affects the cement hydration
kinetics. Kinetic curves show that higher content of lead(II) oxide slows down the
hydration processes and the heat values are lower. Addition of lead(II) oxide signifi-
cantly delays the time to the appearance of maximum conductivity. Setting time is pre-
scribed by standard for a particular type of cement and can be determined based on the
appearance of specific conductivity maximum, which occurs at the setting time. It was
found that the acceptable amount of lead (II) oxide in cement system was w = 0.25 wt. %.
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Introduction
Solidification/stabilization (S/S) is a technique
for immobilizing hazardous wastes in binding mate-
rials, mostly cement-based, to delay the release of
toxic components into the environment. Waste ma-
terials are often S/S treated and are then landfilled
or recycled into new building materials.1–4 Among
metal wastes, those containing Pb represent a seri-
ous issue. Pb derivatives are employed in mining
and metallurgic industries, manufacture of coating
pigments, imprint and typographer and plastic in-
cineration. In humans, Pb exposure can lead to a
wide range of biological effects depending on the
level and duration of exposure. High levels of expo-
sure may result in toxic biochemical effects in hu-
mans which in turn cause problems in the synthesis
of hemoglobin, effects on the kidneys, gastrointesti-
nal tract, joints and reproductive system.5,6
Ordinary Portland cement (OPC) is often used
as a binding agent on its own, or in combination
with cement replacement materials, which may be
hydraulic (cement kiln dust) or pozzolanic (pulver-
ized fuel ash, slag etc.) in nature.7 The popularity of
cement for waste S/S systems not only from an eco-
nomic or convenience perspective, but predomi-
nantly from the way in which the fixation of the
waste is effected: stabilization and solidification in
essentially the one step. The alkalinity of the ce-
ment-waste matrix is advantageous because most
metal ions have poor solubility at high pHs, while
the physical integrity of the waste compensates for
any amphoteric species which are not as easily sta-
bilized at pH values greater than 7.8–10
Many studies have investigated the effect of
lead on the hydration of cement phases. Lead re-
tards the setting of cement due to the formation of
compounds that cover the silicate phases. Glasser11
reported that calcium silicate hydrates (C–S–H) and
calcium sulfoaluminate hydrates are largely respon-
sible for the retention of Pb. Using X-ray diffrac-
tion, Hamilton et al.12 identify no lead compounds
in cement/lead oxide system after a 28-day curing
time, and they concluded that lead compounds in
cement matrices are amorphous. Tashiro et al.13 re-
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ported that common hydration products are formed
during the hydration of C3A in the presence of PbO.
However, it decreases the compressive strength of
C3A.
13
In the present study, a PbO was solidified and
stabilized by different proportion of OPC. This
work has examined the effect of PbO on hydration
processes using differential microcalorimetry, con-
ductometry and thermogravimetric analysis. The
main task of this study was to determine an accept-
able amount of PbO in the cement system for its
successful stabilization and solidification.
Materials and methods
Materials and sample preparation
All the measurements were carried out using
OPC and different content of lead(II) oxide. OPC
(according to EN-197 CEM I) was obtained from
CEMEX Croatia cement plant (Kaštel Suæurac,
Croatia). Its chemical composition and physical
properties are shown in Tables 1 and 2. Lead(II) ox-
ide, PbO, p.a., was obtained from P.P.H. Polskie
Odezynniki Chem-Gliwice, Poland.


















T a b l e 2 – Physical and mechanical properties of OPC
Physical property Value
Specific surface according to Blaine (cm2 g–1)
Standard consistency (%)
Setting time – start (min)
Setting time – end (min)
Average flexural strength (MPa)
after 3 days
after 28 days











Samples for microcalorimetric measurements
were prepared by mixing cement and 0 – 1 wt. % of
PbO. The total mass of the solid sample was con-
stant at 4 g. Water to solid ratio of 0.5 was used for
all mixes, and the measurements were carried out at
a temperature of 20 oC.
Samples for conductometric measurements
were prepared in the same way as the samples for
microcalorimetric measurements, except total mass
of the solid sample was 100 g.
Cement pastes for thermogravimetric analysis
were hydrated 28 days in a thermostat at a 20 oC.
After this curing time, they were ground and sieved
through a standard 4900 mesh cm–2 sieve.
Methods
Differential microcalorimetry
The microcalorimetric measurements used to
examine the interferences with the waste stabiliza-
tion process were conducted by means of a differ-
ential microcalorimeter of the conduction-iso-
peribolic type.14 An ALMEMO 2290-8 data logger
was used to register heat effects of the hydration
processes in the microcalorimeter, monitoring the
change of voltage dU = f(t). The recorded values
were processed by software “HYDRATION” on a
computer, obtaining the values of the heat of
hydration, the relative reaction degree, and the heat
release rate for the given hydration conditions.
Conductivity
The conductometric measurements used to pro-
vide the conductivity in the cement pastes were
conducted by means of an ISKRA MA 5964 micro-
processor conductometer connected to a computer
via an RS 232 C. The conductometric cell electrode
was made of stainless steel with a constant C =
0.285 cm–1.
Thermogravimetric analysis
Thermal analysis was performed on a Pyris 1
TGA at 20 oC min–1 from 50 to 850 oC in 10 ml
min–1 N2 flow.
Results and discussion
To determine the effect of PbO on OPC hy-
dration, the method of continuous observation of
early hydration, microcalorimetry, was applied,
which monitors heat released during hydration. The
heat released heats the operating cell of a differen-
tial microcalorimeter,15 causing a difference in tem-
peratures between the operating and the reference
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cell, measured as tension difference, dU, by ther-
mocouples. Figs. 1, 2, 3 and 4 show that during the
hydration occur effects manifested in the form of
maximums and minimums at different times of hy-
dration. The first peaks are short and occur immedi-
ately after contact of water and cement composites.
Formation of hydration products developed an ade-
quate amount of heat. The shape, position and size
of the main peak, which releases the majority of the
heat of hydration, depends on the amount of PbO
added. In the sample CEM I (Fig. 1), the second or
main maximum is noticeable and becomes less pro-
nounced with the increase of PbO, and the maxi-
mum occurrence is registered in the later times of
hydration. The main peak is followed by a period of
slower hydration, characterized by a small amount
of developed heat, and a reduced overall rate of
hydration.
The results show that the amount of PbO af-
fects the final value of heat of hydration (Fig. 2).
Increasing PbO decreases the heat of hydration af-
ter the first 48 hours of hydration. The cement sam-
ple with 0.2 wt. % PbO develops heat of hydration
of 192.5572 J g–1 and with 0.7 wt. % of PbO 107,
2194 J g–1. The value of heat of hydration of the
sample CEM I is 188.2810 J g–1. These results were
expected since the proportion of active components
(Portland cement), which releases heat decreases.
The heat release rate and degree of hydration
behave equally (Fig. 3 and 4).
Fig. 5 shows the functional dependence of the
maximum heat released and the time to maximum
of the addition of PbO.
For the addition of PbO, the function of heat of
hydration has the form:
z = –195.65x2 + 17.362x + 190.07,
where z is the maximum heat released (J g–1) and x
represents addition of PbO in wt. %.
Time to heat maximum can be calculated by
the equation:
y = 30.915x2 + 17.038x + 9.2138,
where y is the hydration time in hours, and x is the
addition content.
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F i g . 2 – Heat of hydration dependence of time for different
additions of PbO (wt. %)
F i g . 1 – Thermovoltage curves (dU = f(t)) for the samples
with different additions of PbO (wt. %)
F i g . 4 – Degree of hydration for Portland cement pastes
with different additions of PbO (wt. %)
F i g . 3 – Heat release rate for samples with different addi-
tions of PbO (wt. %)
T a b l e 3 – Time to maximum appearance of conductivity
for various addition of PbO
Addition of PbO,
wt. %









Thus, for each addition of PbO the maximum
value of the heat released during hydration and time
to achieve the maximum of heat can be calculated.
Specific conductivity of cement pastes was
continuously observed in order to use these curves
to determine the conductivity maximums, which in-
dicate the setting time of the cement pastes. The
time to appearance of the maximum can be used as
a parameter for estimating the addition of PbO,
which does not delay the setting of cement paste
more than the standard allowed. The introduction of
PbO into the reaction system leads to slower hy-
dration, but hydration curves have a typical shape
with reduced specific conductivity (Fig. 6).
According to the technical specification16 and
standard17 for OPC, the start of setting should occur
after 60 minutes. For practical application, the end
of setting time should occur in below 200 minutes.
It was found that PbO addition to the cement-water
system is acceptable up to 0.25 wt. % (Table 3). In-
creased shares of PbO above 0.25 wt. % signifi-





F i g . 5 – Functional dependence of the maximum heat re-
leased and time to maximum for the different addi-
tions of PbO (wt. %)
F i g . 6 – Specific conductivity of cement pastes with differ-
ent additions of PbO (wt. %)
F i g . 7 – Thermal analysis of a hydrated cement sample with addition of PbO (wt. %),
cured for 28 days
cantly delay the setting time and is not acceptable
for the system.
Fig. 7 shows the thermal curves obtained on
heating hydrated cement samples cured for 28 days.
Several losses appear on these curves.
The first loss between 100 – 200 oC corre-
sponds to the decomposition of the nearly amor-
phous hydrates, mainly C–S–H as well as calcium
sulphoaluminate hydrates. The decomposition con-
tinues gradually, as evidenced by the slow loss in
mass between 200 and 450 oC. A great loss then oc-
curs corresponding to the decomposition of Port-
landite, Ca(OH)2. The loss of weight around 700
oC
was assumed to represent decomposition of CaCO3.
The addition of PbO shifts the peaks to the lower
temperatures and shows a higher mass loss.
Conclusion
The hydration heat results show that the addi-
tion of lead(II) oxide affect the cement hydration
kinetics. The kinetic curves show that higher con-
tent of lead(II) oxide slow down the hydration pro-
cesses and the heat values are lower.
Addition of lead(II) oxide significantly delays
the time to appearance of maximum conductivity,
which indicates the setting time of the cement
pastes. Time to appearance of the maximum can be
used as a parameter for estimating the addition of
PbO, which does not delay the setting time of ce-
ment paste more than the standard allowed.
It was found that the acceptable amount of lead
(II) oxide in cement system was w = 0.25 wt. %.
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L i s t o f s y m b o l s
S/S  solidification/stabilization
OPC  ordinary Portland cement
C–S–H  calcium sulfoaluminate hydrate
C3A  calcium aluminate
PbO  lead(II) oxide
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